Metal oxide can be prepared by mineralization process of biopolymers like cellulose, starch, alginate, chitosan, chitin, carrageenan, dextran, DNA, pectin, collagen, gelatin, silk, lignin and white-egg. The formation of corresponding hybrid composite [metal oxide@biopolymer] allows mastering the morphology, porosity, composition and structure of metal oxide and also gives access to [metal oxide@carbon] composite upon carbonization of the biopolymer We briefly review the recent advances in this fields in order to show the diversity of the approaches and their adaptations to produce material with potential applications in catalysis, energy and environment.
Introduction
The biopolymer@metal oxide association. Evolutions in material science bring now to a crossroad two fields initially very distant from each other, namely metal oxides and biopolymers. Many different fruits are expected from such hybridation: enhancing the conversion of biopolymer (BP) into renewable fuels and chemicals, transforming BP into functional carbons, using them as modifiers of the MO surface, combining them into nanocomposites and control of the metal oxide synthesis.
Concerning this last point, metal oxides have high-tech applications depending on their composition, porosity, crystallinity, morphology, doping, particle size and their arrangement in hierarchical structures from the macro-to the nano-and micro-scale. On the other hand, BP are hugely diversified in terms of structure and functionality. Additionally, shaping of BP into nanocrystals, nanorods, nano-platelets nano-fibers or aerogels is currently providing new opportunity for elaboration of hybrids, 1)6) and their final targets: MO and MO@C Limits of the review. Investigations on plant fossilisation 7) and cellulose structures 8) , 9) were probably the first researches involving MO@PS hybrids. Then, the use of polysaccharides was patented for the preparation of NaAlO 2 Al 2 O 3 , 10)12) TiO 2 , 13), 14) YBaCuO, 15) luminescent LaMnO 3 16) 17), 18) Although we mention some early works in this field, the references are limited to those produced in the last 10 years.
Vocabulary. "Biotemplating", "bioreplicas", "biomorphism", "mineralization", "petrifaction" and "fossilization" are example of the words related to this issue. 19) 28) Bioreplication or biotemplating is the direct replication of a structure found in the biosphere from the coarse-to the nano-scale. "Mineralization", "petrifaction" and "fossilization" refer more to a chemical modification of the bio-structure, and "biomorphism" must be used for the preparation by synthetic process of a structure similar to those produced by life. Glossary BP: Biopolymer; PS: polysaccharide; MO: metal oxide; MMO: mixed metal oxide; NP: nanoparticles; SSA: specific surface area; PVD: plasma vapour deposition; ALD: atomic layer deposition; LIB Lithium-ion battery. For mixed material like composite or core shell materials, the A@B is used and mean that A is quantitatively the minor phase and B the major phase, example TiO 2 @C is mostly carbon covered or mixed with TiO 2 Related reviews: Related to this field of researches, we propose to the reader the following review with the corresponding key words: biotemplating, 29) ceramic nano-powders from cottoncellulose, 30 )32) evolution of cellulose under thermal treatment, 33) biopolymer as binder of ceramic powder for the sintering and monolith formation (starch, 34) cellulose 35) gelatin 36) ).
PART 1: Synthesis of metal oxide@biopolymer Figure 1 illustrates the numerous possibilities that can be achieve when combining the different metal and mixed-metal oxides with some biopolymers. Before considering specific assemblies, some general and basic points are briefly discussed in an attempt to classify the different situations.
Hybrid [metal oxide@polysaccharides] materials

General consideration
Depending on the solubility of the polysaccharide, one may propose 4 different pathways that are schematically illustrated in Fig. 2: 1/ an homogeneous solution of metal oxide precursor and polysaccharide, the latter controlling the growth of the former; 2/ an homogeneous solution of metal oxide precursor to which is added insoluble fibers of polysaccharides. Here the PS fibers are considered as a mold for the preparation of hollow or porous oxide structures; 3/ the reaction and therefore the chemical transformation of the insoluble polysaccharide fiber upon treatment with metalcontaining reagent; the polysaccharide being a template and an O-source; 4/ the assembly of polysaccharide fibers and MO particles by dry or wet processes, involving no-or limited chemistry and not considered in this review. As for any classification, there are intermediate situations and for example, how "truly dissolved" is a macromolecule of polysaccharide, especially at the nanoscale and sub-nanoscale or in a gel (more or less solvated and concentrated); or what is the difference between "the deposition of some nanoparticles" and "a complete coverage forming a crust" of such fibers. This question is becoming even more complicated because of a/ new nanosized polysaccharides (nanocrystals, nanofibers, aerogels), b/ new media in which fibers are "dissolved", e.g. (NaOH/urea), 31) DMSO/TBAF, 37) or ionic liquids 38) , 39) and utilization of mixture of polysaccharides.
40)
Sol-gel process
Solgel process is easy, well-documented and relies on a onestep process by mixing biopolymer, solubilized or not, and a metal sol (Fig. 3) . Very early in the history of SolGel process, using polysaccharide has been considered and explored, pointing out their effect on sharply accelerating the kinetics of the hydrolysis/polycondensation reactions. Such acceleration is attributed to metal-cellulose complexation through hydroxyl groups (see for examples: Fe(III)-cellulose, 41) Cu(II)-cellulose, 42) Zn(II)-cellulose, 43) Pb(II)-and Cd(II)-cellulose, 44) or Cr(III)-and Al(III)-cellulose; 45) see also polysaccharides absorbtion 46)48) ). At the nanoscale, entanglement of PS fibers is assumed to define a macro-to nano-cavity that can stabilize nascent MOs and control their growth, playing as a cheap and versatile scaffold/porogen. In other works, cellulose is first transformed to carbonaceous fibers by solvothermal process and then impregnated by SolGel of metal oxide solution. 49) Metal oxide nanoparticles (? < 100 nm) with round-shaped are almost always obtained to the exception of very rare cases such as TiO 2 cubes 50) or flowers. 51) Cellulose dissolved in ionic liquid is a more recent approach that shows a pronounced effect on the morphology and size of Na 0.5 K 0.5 NbO 3 compared to aqueous processes. 2) At that point, an important issue concerns the effect of the polysaccharide structure on the metal oxide structure and morphology. For some metal oxide, it seems that the polysaccharide can effectively affect at least the morphology like for YBa 2 Cu 4 O 8 where "evidence of the effect of either the polyguluronate/ polymannuronate ratio or the counter cation (ammonium/ sodium) on metal oxide formation." 5),52)54) is reported. Sim- 55) contrary to round-shaped nanoparticles obtained in the absence of chitosan. In the same idea, processing of Ti 3+ solutions lead to anatase with starch, while cyclodextrin or chitosan leads to rutile. 56) In a different study, "starch and gulunoric-rich alginate retains large amounts of iron compared to chitosan". 57) And the situation can be even more complex when a mixture of polysaccharide is used, for example Fe 3 O 4 particles. 58) More rarely used polysaccharide like carrageenan, agarose or dextran should be more considered from this point of view, for examples, the type of carrageenan is reported to affect the size and shape of nanoparticles, 59 ), 60) and in the case YBa 2 Cu 3 O 7 , the use of dextran is reported to lead to a uniform crystal size and morphology and a macroporous structure. Even rarer are the studies comparing different biopolymers such as that on the preparation of ¡-Fe 2 O 3 in the presence of either dextran, agarose and gelatin where small differences in morphology and size are observed, but significantly different magnetic properties are identified. 61) MO@Cellulose Hybrid Materials. Cellulose, with polymeric chains made of ¢(1¼4) linked D-glucose units is the most popular polysaccharide, found in living organisms from bacteria to animals, and plant (Fig. 4) . Fibers of cotton or filter paper are commonly used, but bacterial cellulose and aerogel of micro-and nano-fibrillated cellulose are recent and attractive materials for the future generation of such hybrids. Fibers are mostly used as an insoluble template to be replicated by deposition/growing of metal oxide particles. Titania is the most frequently used oxide for such replication, targeted applications being sensors (H 2 71) and regenerated cellulose 72) ). Many other oxides are currently investigated as shown in Table 1 . Finally, we also note that cellulose is frequently used as a binder for LiFePO 4 cathode in LIB; it is more rarely used for the synthesis of this oxide and generally as a carbon source.
73),74)
MO@Raw Material In order to be "greener", materials directly collected from nature have been tested for such replication: ramie fibers, 75) green leaves, 76) bamboo fibers, 31) fern, jade, coralberry and ZZ plants, 77) soft rushes, 78) vegetables'skin, 79) linen leaves, 80) jute, 81),82) crops seeds, 83) generally for the preparation of TiO 2 photocatalyst. One example of a different oxide is LaMnO 3 and LaMnO 3 @C prepared with osier.
84)
MO@Alginate Alginate, extracted from laminaria, with polymeric chains made of mannuronic and guluronic acid residues randomly sequenced, is generally used as aqueous solution or gel ( Fig. 5) , 53),85),86) the polyguluronate segments forming microcrystalline arrays through coordination with [M n+ ] multivalent metal cations, the 'egg-box' model. 87) As Shown in Table 2 , very different types of MO are successfully targeted. To elaborate metal oxide, alginates are mostly processed after jellification by the addition of multivalent cations that cross-link the polymeric chain through carboxylate complexation ( Table 2 ). The supercritical CO 2 drying of the gel after metal oxide formation preserves a high specific surface area of the material before calcination. MO@Chitosan. Chitosan chains are made of randomly distributed ¢-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine through deacetylation of chitin, a naturally occurring polysaccharide found in fungi and the exoskeletons of insects and crustaceans (Fig. 6 ).
88) SiO 2 @Chitosan is among the earliest works in this field, 89),90) recent works focus now on other oxide like ZnO, TiO 2 ( Table 3) . Like alginate, chitosan is processed as alcogel beads impregnated with metal oxide precursors 68) or combined with a solvothermal process.
91) The specific reactivity of this polysaccharide is apparently linked to the NH 2 group a key in the formation of the fibrous structure of oxides.
68),92)94)
Chitosan flakes have recently been reported as an insoluble biotemplate for the preparation of bulk and mesoporous silica.
95)
MO@Chitin. Chitin is also used in this field, as colloidal solution of crystals combined with the solgel process of SiO 2 2 104) ), beetle cuticles in weevil and longhorn families, 105) sponge-like monolith of cuttlebone.
106)
MO@Starch. Extracted from potatoes, banana or corn, (Fig. 7) chains of starch have sequences of D-glucose units with spiral structure in linear amylose and a highly branched structure in amylopectin. It was soon tested as a "structure directing agent" or a "porogen" or an alternative of citric acids being easily removed with water. 16) Starch was also used as hard-templating microspheres infiltrated with metal oxide sol, 107) or were first converted to carbonaceous material by a solvothermal process, 108) and then used as sacrificial templates for the preparation of ZnO microspheres after impregnation with Zin(II) acetate. 109 ),110) Among the possible oxides (Table 4 ) several recent works focus on the Journal of the Ceramic Society of Japan 123 [9] 695-708 2015 JCS-Japan Cotton and paper fibers ZnO Material for electrochemical devices.
124)
Uzbekistan cotton fibers ZnO Photoluminescent cellulose-membrane.
289)
Filter paper ZnO Material for Solar cell. MONP@Carrageenan Carrageenan extracted from red edible seaweeds, is a family of different chemical structures depending on the number and position of the OSO 3 ¹ group (¡,¢,£,«,¬,,®,¤,ª, etc.) in sulphated polysaccharides (Fig. 8) . As mentionned in table Table 4 , carrageenan are not the most used biopolymer in this field. However, here again, their role is to limit the growth of metal oxide particles, and interestingly it has been shown that the structure of the carrageenan has an importance. 59 ),60)
ALD deposition and related
Alternative processes to SolGel rely on hydrolysis/condensation of the MO precursor either absorbed by polysaccharide, 121) , 122) or produced by an ALD process; a process leading to the deposition of the MO on the fiber like cellulose of cotton (TiO 2 ) as illustrated in Fig. 9 . Chemical vapor deposition has also been used to deposit TiO 2 , 127) SiO 2 , 128) and radio frequency plasma was applied for the surface modification of grains of starch for such biotemplating. 129) At the frontier between mineralization and ALD-type process, treatment of nanofibrillated cellulose with titanium isopropoxide at 190°C under 15 kPa probably involves the reactivity of the polysaccharide leading to the formation of TiO 2 .
130),131)
Mineralization at low temperature
Polysaccharides were frequently described as a C-provider for the production of carbides like SiC 56),58),132),133) B 4 C, 80 ), 134) TiC, 135),136) C-doped TiO 2 , 91),137) and C-doped SiO 2 . 20) Recently they have been reported as an O-source, polysaccharides acting as a reagent with a high oxygen content due to alcohol and hemiacetal functions, this route being inspired by non-hydrolytic processes.
138),139) Indeed, in strictly anhydrous conditions, metal chloride reacts at low temperature (80150°C) with cellulosic material like Ferrula communis piths, cotton wool or filter paper, acting as oxygen source. 140) Besides its simplicity, the most interesting in this approach is certainly the unique and special morphology of the metal oxide nanoparticles, different from the rounded shape always reported. Nanorods assembled in needles 141) or lacework formations, 142) forming super structure like flowers, urchins or carpets are example of what can be done in the case of TiO 2 , as illustrated in Fig. 10 .
Anhydrous treatment of cellulose was also performed with TiCl 4 , 143) and organometallic like ZnMe 2 or AlMe 3 , in the view of slightly modifying the mechanical property of cellulose by cross-linking via OMO bridges formed by the reaction of the alcohol group. 144) This issue is also closely related to the direct catalytic conversion of cellulose into biofuel and biochemical.
Examples of other metal oxide@biopolymer hybrid materials
Besides polysaccharides other biopolymers have been investigated, like lignin, silk and finally collagen and gelatin. Before to look at them more closely, it is accurate to mention works with less studied biopolymers i.e.: pectin (ScO 2 
Metal oxide@lignin and tanin.
Lignin, an impotant by-product from paper mills and biorefineries, is essentially made of 3 monolignols: coniferyl, sinapyl and paracoumaryl alcohol (Fig. 11) . The polymeric structure is amorphous, variability of the structure being high and solubility Fig. 10 . Urchins or carpets of TiO 2 nano-needles covering cellulose fiber; from reference.
141)
Journal of the Ceramic Society of Japan 123 [9] 695-708 2015 JCS-Japan in water depending on pH and ionic function. Interaction of lignin is important in soil, especially after its degradation into humic acid, humus and argilo-humic complexe. So far, this byproduct of the pulp industry has been little used in the context of making composite MO@Lignin; however, recent articles describe the use of lignin in the preparation of metal oxides: downsizing of CeO 2 particle to 5 nm, 156) for growing NiO nanoparticles and form NiO@C (for Ion-batteries), 56) 
Metal oxide@silk
Silk fibroins, also known as silk proteins, are part of the family of fibrous proteins and consist essentially of three amino acids: alanine (A), glycine (G) and serine (S), alternating throughout the chain, their basic self-assembled structure being in beta sheet (see Fig. 12 ). Insoluble, they are produced by insects like spiders and some butterflies. However fibers (µ10¯m) of cocoons produced by silkworm Bombyx. mori are the most frequently used raw material, from which silk fibroins can be obtained by different processes. 161) Silk fibroin is reported to produce important modification of the morphology and consequently the properties of different metal oxides nanoparticles, specially for biomedical application: Fe 3 
Metal oxide@collagen
Collagen is present in skin and bones of animals ( Fig. 13) . Sequences of glycine, proline and hydroxyproline are the basic units of the macromolecular chain that are assembled in triple helix, themselves being structured by hydrogen bonding that involve NH, CO and OH groups parts. In solution, the superhelix (1.5 nm ? and 300 nm in length) can be considered as a nanotemplate, simultaneously -OH, -COOH, -CONH 2 
Metal oxide@gelatin
Gelatin is obtained from collagen, itself extracted from the skin, bones, and connective tissues of animals such as cattles, chickens, pigs, and fish leading to a mixture of peptides and proteins. Upon hydrolysis of collagen, the natural individual collagen strands are broken down into a form that rearranges more easily and lead to peptides and proteins. Gelatin-templated formation of the oxide occurs in more or less jellified medium forming a nano-reactor and "played a decisive role as an inhibitor of the reactivity of the CuO surfaces and coagulation of the growing Cu 2 O particle". 170), 171) Due probably to carboxylic groups present in gelatin, this special behavior of gelatin was early used, and still is, for the preparation of many oxides: TiO 2 
194)
This also results in some unique morphology like twin-crystals 195) and nanoplate of ZnO, 196) ,197) disk of ZrO 2 198),199) foam of C/Fe 3 C/MgO. 200) Nano-spheres of gelatin can also be used in a different way, as "hard" template for Ge 2 O 3 and Gd 2 O 3 /C nanospheres. 164 ),201)
Metal oxide@egg white
Everyone as experimented the jelly-like aspect of egg white made of 90% of water and 10% of proteins essentially albumins, mucoproteins, and globulins (Fig. 14) . Egg white has been used as binder for the sintering of ceramic powders, but its use has been more considered for the preparation of metal oxide. The simplicity of the process and the availability of eggs are not the only The resulting MO@Biopolymer composite is generally treated to remove the biopolymer (Fig. 15) . Calcination in a furnace, or in a flame, 222)224) improves the crystallinity of the metal oxide but may leave residual carbon with possible impact on properties like the luminescence. 225 ),226) During this step, the reducing behavior of the biopolymer can be enhanced, a growing number of publications focuses on the formation of metal nanoparticles like Pt 227) Au, 99) or Ag 228) and metal fibers; 30) see also the case of Mn(VII).
79),224), 227) Other means are currently investigated like the dissolution urea/NaOH, 49),99) mixture, with ionic liquid, 38) or by enzymatic digestion. 165) Pyrolysis leading to MO@C is increasingly studied due to the complementarity of the two components, MO and C, for some applications like catalysts and electrodes. This is generally done in nitrogen, vacuum or argon leading for examples to LiFePO 4 / C, 74) or TiO 2 @C. 66),134),229), 230) Although not yet well investigated, the formation of these composites by a solvothermal/ dehydration process was recently reported, 111) this approach is linked to the developments of the cellulose-to-carbon process 33),231)236) and to the one of the production of biofuel and biochemical from biopolymers. Both processes can be highly modified by the presence of acid and inorganic compounds to base metal.
237),238)
Thermal degradation of cellulose
Several studies have been undertaken to study the thermal degradation of cellulose in air (calcination) and under an inert gas (pyrolysis). The degradation is carried out by a temperature ramp, with a controlled flow of gas defined in a given reactor geometry allowing some access of gas. The calcination results in a solid inorganic compound, in the present case the oxide, while the pyrolysis form a combination of solid (charcoal, coke or tanks), liquid (pyrolysis oil, bio-oil or tars) and gas under specific experimental conditions: heating rate, temperature, atmosphere, humidity, particle size, accessibility of the material, gas circulation, etc.
According to the studies of Broido, Shafizadeh and Mamleev, the mechanism of decomposition of cellulose is the same in air or under inert atmosphere. The cellulose pyrolysis starts at the surface and then the phenomenon spreads to the heart of the sample, it is the pyrolysis products (gases, liquids solid) which react with the oxygen in the air (Fig. 16 ).
239)
There are four types of pyrolysis applied to biomass: 239) -the conventional pyrolysis called "slow pyrolysis", with heating rate <10°C min
¹1
-the fast pyrolysis, heating rate >300°C min
-catalyzed fast pyrolysis by metal salts ZnCl 2 , MgCl 2 -gasification or flash pyrolysis > 900°C min
The slow pyrolysis provides compounds like charcoal, with a maximum of solid residue and of surface area while faster pyrolysis is rather used for the production of liquids or gases. 
The pyrolysis mechanism
The mechanism of the cellulose pyrolysis has been studied since the 1970's and some points are now recognized as major steps (Fig. 17) . This has been highlighted by Broido and Shafizadeh.
241) The mechanism appears to be the same for all types of cellulose even if the kinetic is strongly modify from one to another, which leads to differences in the TGA-DTA thermal analysis (Fig. 18). 242),243) It can be separated into three large families of reaction:
-depolymerization via transglycolysation (transformation of a sugar to another sugar) -dehydration between cellulose chains and inside the chains -ring opening reactions The experimental conditions (tempering ramp, final temperature, atmosphere, humidity, particle size, accessibility of the Journal of the Ceramic Society of Japan 123 [9] 695-708 2015 JCS-Japan material gas flow) affect the results either in terms of kinetics or in terms of synthesized compounds. Finally, the presence of metals may also catalyze the pyrolysis to form more gas at the expense of the amount of liquid, which is observed by Bru et al. 10) in their work on the pyrolysis of wood -which, remember, is composed of cellulose, hemicellulose and lignin. They get 45% mass of liquid, 28% gas (CH 4 , CO 2 , CO and H 2 ) and 22% of tanks without the effect of metals against 33%/37%/26% (liquid/gas/char) after catalysis with iron for example.
The confinement of the carbon compounds during pyrolysis plays also an important role along with a temperature gradient between the heart and the surface of the sample. A transition state named "intermediate liquid compound" corresponding to pockets of liquid inside the solid can result from this situation. In this conditions high local temperatures can change the products obtained due to the exothermic reactions between 250 and 500°C. In summary, this mechanism is complex, multi-set, controversial and still poorly understood.
Pyrolysis products
According to Pastorova and al, 244) the cellulose has not the same decomposition processes depending on its crystallinity: amorphous cellulose is losing mass at a lower temperature (from 100°C) than very crystalline cellulose (degradation occurs around 280°C), as shown in Fig. 20 .
This has been confirmed in more recent studies. 245 ),239) The precise gas, liquid and solid analysis during the thermal treatment (Fig. 19 ) of cellulose has enabled Lin et al. to determine a possible mechanism of pyrolysis (Fig. 20) .
The composition of these solid residues of pyrolysis depends on the pyrolysis temperature, the temperature gradient, the pressure, and also on the presence of inorganic salts.
245) The work of Pastorova et al. shows an increase in aromatics with the 
JCS-Japan
temperature and a decrease in the presence of oxygen (Fig. 21) . But non-fusible solids such as cellulose can hardly make graphite.
246)
Thermal degradation of other biopolymers
There is an increasing amount of reports on biomass-derived carbon materials. Within all these carbon sources, the most studied ones are lignin, 247),248) silk 249),250) and collagen, 251),252) even if, theoretically, almost all natural biomass can be used as precursors for preparing carbons. Considerable research efforts have been directed towards the use of these biopolymers to prepare: carbon black, 247) activated carbons, 253),254) carbon fibers, 247), 255) porous carbon fibers, 252) microporous carbons via hard templating, 256) + Among these sources, we will focus on lignin as it is the most studied one in this area of research and it is one of the most abundant and inexpensive natural biopolymers. The lignin-derived char production is known and developed from many years. 248) The characterization of such materials has been well reported in the recent review of Baccile et al. 257) This article mainly focus on all types of NMR spectroscopy measurements ( 13 C, 1 H, heteronuclear single quantum correlation -HSQC, 23 Na, +) used to characterize the chars obtained from lignin and hydrothermal carbons from saccharides. Other techniques have also been tried to get informations on the carbon structures, depending on conditions, such as Raman 247) or TG-FTIR.
258)
Concluding remarks
The story of hybrid composites [metal oxide@biopolymers] has only begun. A list of important points can be proposed for the next years taking into account the different issues that materials and processes will face:
-the development of the nano-sizing process of biopolymer will offer new opportunities, -a rationalization and comparisons of the effect of the biopolymers will allow a better control of the structure of the material and requires more fundamental researches, -a more accurate and detailed description of experimental procedure is a prerequisite, -a better understanding of the effect of metal oxide on the Journal of the Ceramic Society of Japan 123 [9] 695-708 2015 JCS-Japan thermal behavior of biopolymers will emerge, -a stronger interest in the hybrid material itself that could have application by itself, -a demand for greener processes that avoid organic solvents and reagents. -a reliability of the sources of biopolymer will be established From a general point of view, the sum of these results shows the diversity and richness of this synthetic pathway to MOs, using abundant natural polymers, and that can also lead to the formation of composite and nanocomposite MO@C.
